Background. The role of methane in global warming has become paramount to the environment 29 and the human society, especially in the past few decades. Methane cycling microbial 30 communities play an important role in the global methane cycle, which is why the 31 characterization of these communities is critical to understand and manipulate their behavior. 32 Methanotrophs are a major player in these communities and are able to oxidize methane as their 33 primary carbon source.
Introduction 59 The accelerated rise in worldwide average temperature in recent years is posing a serious threat 60 to the environment, terrestrial ecosystems, human health, economy, and the ultimate survival of 61 the planet earth. About 20 percent of global warming is caused by methane and it is expected to 62 be 86 times more potent than carbon di-oxide in warming the earth over the next two decades 63 (Houghton, Jenkins & Ephraums, 1990; IPCC, 2013) . The impacts of the rapid increase in 64 atmospheric methane (Nisbet et al., 2019) are compounded as higher temperatures are associated 65 with an increase in methane production from wetlands and lakes (Yvon-Durocher et al., 66 2014). Methanotrophs are gram-negative Proteobacteria that are an integral part of the global 67 carbon cycle (Hanson & Hanson, 1996) . They exist in diverse environments such as wetlands, 68 lakes, and the tundra and use the enzyme methane monooxygenase (MMO) to oxidize methane 69 as their sole source of carbon (Hanson & Hanson, 1996) . Thus, methanotrophs act as the primary 70 biological sink for methane (Hanson & Hanson, 1996) , consuming up to 90 percent of the 71 methane produced in soil/sediments in addition to the atmospheric methane (Whalen & 72 Reeburgh, 1990; Krause et al., 2017) . Methanotrophs have also shown the ability to produce 73 various useful products such as single-cell proteins, biodiesels, biopolymers, and osmo-74 protectants (Strong, Xie & Clarke, 2015) . 75 76 In 1970 over a hundred species of methanotrophs were isolated and their physical and 77 physiological properties were characterized (Whittenbury & Wilkinson, 1970) . Over time, the 78 taxonomy of methanotrophs were revised utilizing physiological tests, morphological 79 observations, numerical taxonomy, DNA-DNA hybridization analysis, and PLFA profiles 80 (Bowman et al., 1993) Based on the metabolic pathways utilized to assimilate formaldehyde 81 produced from oxidizing methane, methanotrophs are categorized into three major types. Type I 82 methanotrophs assimilate formaldehyde using the ribulose monophosphate pathway, Type II 83 methanotrophs assimilate formaldehyde using the serine cycle while Type X methanotrophs can 84 use both (Hanson & Hanson, 1996) . 85 86 Lakes act as a major source and sink for methane and account for 6 to 16 percent of biologically 87 produced methane (IPCC, 2013; Yvon-Durocher et al., 2014). Lake Washington is a freshwater 88 lake characterized by a methane-cycling community where various methanotrophs are the major 89 microbes (Yu et al., 2016) . It contains a steep vertical counter-gradient of methane and oxygen, 90 and is separated into oxic and anoxic layers where methane production and consumption occur, 91 respectively (Yu et al., 2016) . Hence, it can be a model system to better understand methane-92 cycling communities in lakes and their role in the global methane cycle. Understanding the 93 metabolic interactions in these communities will aid in developing methods to reduce the amount 94 127 These inconsistencies indicate that the complexities of biological systems often make it 128 challenging to understand the functions and interactions within and among organisms in 129 synthetic communities via in vitro and in vivo studies.
131
In silico evaluation and analysis utilizing mathematical relation-based modeling allow for a high-132 resolution understanding of the biological processes in a microbial community. In this work, we developed a simplified community metabolic model with two representative and 154 functionally important strains of Lake Washington, namely, Methylobacter Tundripaludum 
In the framework, I and J represent the sets of metabolites and reactions in the metabolic model, 
Both metabolic models were checked for the ability to produce biomass and metabolites they 278 279
The parameter R was derived by finding the rate of change of biomass growth by the change in The community biomass flux is the highest when all the nutrients are highly abundant ( Figure   347 1A). It is observed that a limited uptake of oxygen also imposes limits on the carbon and 348 nitrogen utilization by the community, which results in reduced biomass fluxes for both 349 Methylomonas and Methylobacter (Figure 1 B) . When oxygen uptake is limited, methane Figure 1B) . 356 The results are presented in Supplementary information 3 in detail. 357 The total community biomass and community composition under methane and oxygen gradients 358 are simulated to model the methane-oxygen counter gradient that exists in Lake Washington (Yu 359 et al., 2016). In general, the total community biomass is observed to increase with both oxygen 360 and methane uptake, as is expected from the increased abundance of nutrients. The community is Figure 4B) . A small fraction of carbon di-oxide downstream 395 of this reaction is secreted into the environment, which is the lowest among all the conditions. 396 Additionally, the alpha-ketoglutarate dehydrogenase enzyme becomes active in converting 397 alpha-ketoglutarate into succinyl-CoA ( Figure 4B ) instead of succinate being produced by 398 succinyldihydrolipoamide in nutrient-rich condition (Figure 3 ).
400
The methane oxidizing pathway and TCA cycle reactions in Methylobacter has significantly 401 increased fluxes under nitrogen limited conditions ( Figure 5A ). Specifically, reactions that 402 produce succinate increases by 1.88 mmol/gDCW. Methylobacter additionally excretes more 403 carbon di-oxide while consuming more oxygen under nitrogen limited conditions ( Figure 1C) . 404 On the other hand, the activity of the methane oxidation pathway of Methylomonas decreases 405 significantly (the lowest in any non-carbon limiting conditions). Also, succinyl-CoA in 406 Methylomonas is produced from alpha-ketoglutarate in the TCA cycle, similar to oxygen limited 407 conditions ( Figure 5B ). the release of greenhouse gases in the atmosphere is consistently getting worse every year, it is 469 imperative for us to put our best efforts in mitigating the harmful effects. To do that, the use of 470 genome-scale metabolic modeling tools to understand how the microbial communities are 471 involved in these metabolic processes function in natural environments is essential. 472 473 To make the community model a good representation of the naturally occurring methane-474 recycling community, we have selected two highly abundant and functionally important 475 microbial species. Following the manual curation process of both metabolic models, it was found 476 that Methylobacter was more efficient than Methylomonas at producing biomass when simulated 477 under the same standard growth environment and biological constraints in the Lake Washington. 478 Since Methylobacter and Methylomonas are competitors for the sole carbon source, methane, the 479 overall stoichiometries of biomass precursors are important factors in the methane utilization 480 ratio of the two species. While there is no direct literature evidence that suggests that one of them 481 is more efficient in utilizing methane for growth compared to the other, it is highly possible that 482 Methylomonas is limited by other small molecules that inhibit high methane consumption, while 483 Methylobacter is allowed to take up the major portion of the methane available in the 484 environment. For example, the community is tested under carbon, oxygen, and nitrogen limited 485 conditions to observe how its central metabolic pathway and the community composition varied, 486 and we observe the dominance of Methylobacter in the community in all of the growth 487 conditions (Figures 1 through 6) . This is observed even during the oxygen limited growth 488 condition, where Methylobacter is unable to consume as much methane as Methylomonas. In this 489 condition, Methylomonas takes up more methane than Methylobacter, but still in a very low rate. 490 On the other hand, Methylobacter can still maintain its dominance, by consuming the behavior will be a foundation for future studies that aim at the long-term goal of creating a 551 complex synthetic community capable of carrying out certain desired functions through the 552 consumption of methane, thus mitigating the harmful effects of methane release in the 553 atmosphere. One should be aware of the fact that the in silico results need to be further tested and 554 confirmed through new experiments before any engineering strategies can be successfully 555 employed. The community metabolic model, in that regard, should be expanded to include other 556 major players of the Lake Washington community, i.e., members of Bacteroidetes, 557 metabolic model will not only enable us to explain currently unidentified inter-species metabolite 559 exchanges/interactions that play important role in the cycling of methane as well as other 560 nutrients but also will be able to provide a realistic representation of the natural Lake 561 Washington community. 562 563
